Introduction
Lymphoid malignancies account for approximately 5% of cases of cancer in the United States and have continued to rise in frequency at 3% to 4% annually. 1, 2 Of the different types of indolent lymphoma, follicular lymphoma (FL) is most prevalent and has a variable clinical course with a median survival of 10 years. 3 While management strategies have changed, advanced-stage FL remains an incurable disease using conventional therapies. 4 Approximately 85% of FL is associated with a specific balanced translocation, t(14;18)(q32;q21), that leads to overexpression of the antiapoptotic gene BCL2 due to its relocation in proximity to an IgH enhancer element. [5] [6] [7] [8] This genetic abnormality alone, however, is unlikely to produce clinical FL, as BCL2-overexpressing transgenic mice do not develop lymphoma 9, 10 and t(14;18)-bearing lymphocytes have been frequently demonstrated in healthy individuals. 11, 12 If the pathogenesis of FL results from a sequential accumulation of genetic alterations, 13 the analysis of early neoplastic lesions may define the critical events associated with the initial development and further progression. To the best of our knowledge, there have been 12 large studies reported in the Western Hemisphere in the last decade that have investigated chromosomal imbalances in FL using a combination of techniques including conventional karyotyping, comparative genomic hybridization (CGH) and single nucleotide polymorphism (SNP) technology. The reported recurrent copy number alterations have consistently included losses of 1p32-36, 6q, 10q, and 17p, and gains of 1q, 2p, 7, 9p, 12, 17q, 18q, and X. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] The analysis by Hoglund et al utilized computational analysis of a large number of published G-banded FL karyotypes to define early from late accruing genetic imbalances and demonstrated 4 putative pathways of clonal evolution in FL. 26 This karyotype-based study was hampered by the inherent inaccuracies of G-banding analysis and excluded from consideration all marker chromosomes and unbalanced chromosomal additions that are common features of FL karyotypes. Further examination of such complex karyotypes by multicolor karyotyping may improve the definition of these recurrent aberrations. 27 However, the metaphases typically obtained from short-term lymph node cultures allow only for the detection of DNA imbalances that exceed 5 to 10 Mb in size and may represent only a fraction of the sideline diversity present in FL genomes. No studies to date have utilized a combination of high-resolution genomic analysis and a large FL cohort composed exclusively of diagnostic biopsies.
The advent of array comparative genomic hybridization (array CGH) technologies now provides the capability to detect subcytogenetic DNA copy number gains and losses. These techniques have led to improvements in the characterization of both acquired and inherited genetic abnormalities. 28 In this study we have applied whole-genome tiling-path BAC-array CGH, with a resolution of at least 200 kb for detection of copy number alterations in clinical specimens and a reported tolerance of up to 70% contamination by nontumor cells, 29 to a cohort of 106 FL diagnostic specimens with complete clinical information. We have generated a comprehensive profile of regional copy number imbalances with which to identify significant prognostic correlates in relation to both survival and transformation risk.
Methods

Patient materials
The 106 FL cases were selected from the Lymphoid Cancer Research Database of the British Columbia Cancer Agency (BCCA) in Vancouver, British Columbia, identified between 1987 and 1996 based on the availability of sufficient frozen diagnostic tumor material and information on clinical outcome. Importantly, these cases were enriched in part for cases where 2 or more sequential specimens were available from the indolent phase or when transformation had occurred. Transformation was defined as either histologically proven (biopsy demonstrating large B-cell lymphoma), or clinically proven (one or more of the following: sudden rise in LDH to Ͼ twice the normal level, rapid discordant localized nodal enlargement, and new unusual extranodal involvement of organs such as brain, lung and bone). The time to transformation was defined as the time from diagnosis to clinical or pathological end point described above. The International Prognostic Index (IPI) Score was used to risk-stratify these patients because information on the hemoglobin level and number of nodal sites were not available to generate a FLIPI score. 30 All cases were classified as FL based on the criteria defined by the World Health Organization classification of tumors of hematopoietic and lymphoid tissues. 31 Of the 106 cases, 20 have been included in previously reported studies. 24, 26 This study was approved by the University of British Columbia IRB, per certificate #H05-60103 and was performed in accordance with the Declaration of Helsinki.
Cytogenetic analysis
Cytogenetic analysis of lymph node specimens was performed as previously described. 24 Fluorescence in situ hybridization (FISH) was performed using the LSI IGH/BCL2 probe according to the manufacturer's protocol (Vysis, Downers Grove, IL) to detect the presence of IGH/BCL2 genomic fusion. For validation of deletion of the 1p36.32 locus, the RP13-493G06 or RP11-756P03 BAC clones were selected from the array CGH profile and prepared for use as FISH probes as previously described, while BAC RP11-229M05 at 1q32.3 was used for copy number control. 32 For validation of the 6q23.3 locus deletion, the RP11-703G08 BAC was used, while RP11-516E15 at 6p12.3 served as copy number control. All BAC clones had previously been identity-verified by BAC-end sequencing and hybridized to normal metaphases to confirm the expected site of chromosomal localization. The frequency of false deletion for each BAC FISH probe was established by hybridization to normal lymphocyte cell suspensions and ranged from 0.5% to 3.0%. For the purpose of this study the cutoff value for true deletion was set at more than 5%.
DNA extraction
Genomic DNA extraction was performed according to standard procedures using proteinase K digestion and fresh frozen tissue or cells stored at Ϫ80°C. The DNA was further purified using the Gentra Puregene Tissue Kit (QIAGEN, Mississauga, ON).
Whole-genome tiling-path BAC-array CGH
The sub-megabase resolution tiling array contains 26 819 BAC clones spotted in duplicate and covers more than 95% of the human genome. 33 Array CGH was performed as previously described. 34 The array slide was scanned using a charged-couple device camera system to capture the cyanine-3 and cyanine-5 channels (Applied Precision, Issiquah, WA). The images were then analyzed by SoftWoRx microarray analysis software (Applied Precision), followed by a stepwise normalization procedure. 35 Microarray data were deposited at Gene Expression Omnibus (GEO), the accession number assigned is: GSE12393. Data were filtered based on both replicate standard deviation (data points with Ͼ 0.1 standard deviation removed) and signal to noise ratio (data points with a signal to noise ratio Ͻ 3 removed). Copy number alterations were visualized using the "SeeGH" software available at http://www.flintbox.ca/technology.asp?tech ϭ FB312FB. 36 
Computational analysis
Intersection analysis. Scoring of array CGH data was performed separately by 2 methods: visual analysis by a cytogeneticist (D.E.H.), using a criterion for an aberration defined as an apparent log-ratio shift away from baseline in a minimum of 3 adjacent BACs (ϳ200 kb or larger), and computational analysis by determining probability of aberration (loss, neutral, or gain) for each clone using the program CNA-HMMer version 0.1 (available at http://www.cs.ubc.ca/ϳsshah/acgh/), which is based on a Hidden Markov Model (HMM). 37 Only those alterations identified by both HMM and visual interpretation were accepted as true. We modified the emission model of the HMM described in Shah et al to be a mixture of Student t distributions, achieving the equivalent robustness to outliers while producing output that was more interpretable to the investigator. 37 In addition, this modification required fewer hyperparameters to be set, which were selected automatically using an 'empirical Bayes'-type approach. 38 Concordance between the visual calls and the HMM predictions was assessed by calculating the area under the receiver operator characteristic (ROC) curve. ROC curves are a plot of the true positive rate (TPRproportion of clones called as an aberration that were also predicted by the HMM) against the false positive rate (FPR-proportion of clones predicted as aberrant by the HMM that were not called visually). The area under the ROC curve (AUC) is a single measurement that represents the tradeoff between TPR and FPR. AUC was calculated for each sample. The average AUC in this study was 0.93. A perfect AUC would be 1. All analyses were run using default settings.
Cluster analysis. Clustering of the 106 cases was performed using the K-medoids (also called partitioning around medoids) algorithm. The input data X(i,j) represented the copy number of clone j in case i. Only clones that showed a 10% rate of recurrent loss or gain determined by intersection analysis were used for clustering. A Hamming distance function of a case to a medoid was used and the algorithm was run 1000 times using random initializations of the medoids. The run producing the lowest total distance of cases to their assigned medoids was reported. The number of clusters was chosen to be 5 based on the previous work by Hoglund et al 26 
Clinical correlations
The log-rank test using the Kaplan-Meier method was performed for univariate analysis assessing the prognostic significance of each of the 71 regional aberrations on survival and the risk of transformation. Each case was dichotomized as positive or negative for each of the 71 regions, where positive was defined as having at least one alteration in the region. The Cox proportional-hazards model was used to identify only those regions reaching significance independant of the IPI score. All clinical statistical data were computed using the SPSS version 11 software.
Results
Clinical data
The clinical, morphologic, and cytogenetic information on the cohort is presented in Table 1 . In brief, 56% were male and 44% were female with a median age of 53 years. Forty-two percent of the patients died, with a median overall survival time of 10.83 years after diagnosis. Overall, 50% of patients had developed transformed lymphoma over a median follow-up time of 7.33 years. The median time to transformation was 6.61 years. The majority of patients who developed transformed lymphoma had biopsy proven transformation (64%). These patients had a similar clinical outcome as those whose transformed lymphoma was diagnosed on clinical grounds. Transformed lymphoma was the cause of death in 64% of patients, supporting the observation that transformation is an important cause of mortality in these patients and may be a confounding factor in assessing the risk of genetic alterations affecting survival in patients who develop transformed lymphoma.
Treatment of these patients varied due to changes in era-specific approaches to management ( Table 1 ). The effect of the addition of rituximab to standard chemotherapy could not be assessed reliably because of small numbers of patients (n ϭ 12; log-rank test on overall survival and transformation, P ϭ .7), recent incorporation of rituximab into primary treatment (after 2004) varying times of introduction (diagnosis, first progression, relapse, multiple relapses), and variable combination with standard agents (single agent or combination in multiple drug regimens).
Cytogenetic data
Ninety-three of the 106 cases had been studied by karyotype analysis and/or FISH using the IGH/BCL2 fusion probe. The t(14;18) or variant was present in 75 of these 93 cases (81%) but was absent in 18. Thirteen cases were not investigated by these techniques but had the standard morphologic features of FL.
Profile of copy number alterations in FL
Each array CGH profile was annotated individually by visual inspection and by computation without knowledge of the associated karyotype. The individual profiles were combined to generate a genome-wide copy number profile of the 106 diagnostic FL specimens. Figure 1A represents a global composite profile ideogram of all aberrations affecting the 22 autosomes as determined by the intersection analysis. Figure  1B shows an ideogram of only those regions that were affected in at least 10% of cases. This 10% cutoff produced 71 altered regions ranging in size from 200 kb to 44 Mb. Overall, 97 of 106 cases (91.5%) had aberrations detected by array CGH with a median of 16.1% and a range from 0% to 32.2%. The most frequently altered region was band 1p36.22-p36.33 (ϳ11 Mb in size), showing 25.5% frequency of deletion. Table 2 provides details on the 71 regions of alteration. Figure S1 (available on the Blood website; see the Supplemental Materials link at the top of the online article) provides a representative array CGH profile of an individual. Array CGH raw data of the 106 patients are included in the supplemental data.
Association between copy number alterations and clinical parameters
When using the relative number of alterations per case to predict clinical outcome, defined as the number of altered BAC clones determined by intersection analysis divided by the total BAC clones (26 819) expressed as a percentage, we showed that there was no significant correlation between cases with at least 10% alterations and those with no more than 10% in terms of overall survival and transformation risk (log-rank test, P ϭ .7 and P ϭ .06, respectively). However, significant correlation with overall survival and transformation risk was observed if cases with at least 5% alterations were compared with those containing no more than 5% (log-rank test, P ϭ .02 and P ϭ .03, respectively). (Table 1) . Of these, 16 regions were independent of IPI in multivariate analysis (column N of Table 2 ). Univariate analysis showed that 12 regions correlated significantly with risk of transformation (column O of Table  2 ). The IPI group, but not the individual factors, was also predictive of transformation ( Table 1) . Ten of the 12 regions were identified as IPI-independent predictors of risk of transformation in multivariate analysis (column P of Table 2 ). Del(1)(p36.22-p36.33) and del(6)(q21-q24.3) (identified by ID numbers 1 and 20, respectively) were not only associated with transformation and inferior outcome (Figure 2A,B ), but were also IPI-independent predictors for both clinical variables (shown in bold in Table 2 ) and thus were selected as candidate regions for validation.
Validation of array CGH data
Two BAC clones, RP13-493G06 and RP11-756P03, that mapped to 1p36.32 and spaced approximately 200 kb apart, were used for validation of the array CGH-detected 1p36 deletion. We performed FISH using these BAC clones on 10 selected cases. The RP11-229M05 probe at 1q32.3 was used as a control. Two of the 10 cases were determined by CGH intersection analysis to have no log ratio shift (no alteration), while 8 cases had evident deletions at 1p36.3 of variable size. The concordance rate between FISH and intersection analysis was 10 of 10 cases. Figure 3A shows the array CGH ideogram and FISH results for 3 representative cases, 1 without a deletion, 1 with a heterozygous deletion, and 1 with a homozygous deletion.
As the region 6q21-q24.3 was too large (Ͼ 40 Mb) for case-specific FISH validation, we further narrowed this region by seeking areas of overlapping deletions affecting more than 15% of cases. Figure 3B shows the refinement of a broadly deleted region of the 6q arm (at the 10% cutoff level) to 4 small discrete regions of deletion (at the 15% cutoff level). The area that correlated significantly with survival and transformation risk corresponded to the single peak in band 6q23.3. The size of this peak was less than 200 kb and spanned from 138 148 563 to 138 307 923 bp (NCBI build 36.1). We used BAC clone RP11-703G08 for this region and RP11-516E15 from 6p12.3 as control for FISH analysis of 10 selected cases. Two of 10 cases were determined by intersection analysis to have no alteration, while 8 cases had deletions by array CGH (as small as 810 kb) overlapping at 6q23.3. The concordance rate between FISH and intersection analysis was 10 of 10 cases. Figure 3C shows the array CGH ideogram data and FISH results for 2 representative cases, one with homozygous deletion and the other showing homozygous deletion at 6q23.3 with proximal and distal heterozygous deletion. 
Correlation of array CGH findings with cytogenetic data
To illustrate the sensitivity of the array CGH platform compared with karyotype analysis, we examined the extent of correlation between array CGH and cytogenetic data in the 1p and 6q regions. Of the 27 cases with deletion of 1p36 detected by array CGH, 17 had karyotype data and, of these, only 7 (41.2%) showed an evident deletion or unbalanced translocation. Similarly, of the 22 cases with deletion of 6q detected by array CGH, 14 had karyotype data and 9 (64.3%) showed either whole chromosome loss, iso(6p) or deletion of 6q, whereas 5 cases showed normal 6q morphology.
Identification of high-level amplicons
In an attempt to identify high-level amplification in our cohort, we performed a simple computational thresholding approach where an amplicon was defined as (1) one that consisted of 3 or more contiguous BACs, (2) the log ratio of a BAC in an amplicon was at least 4 standard deviations above the mean log ratio of the sample, and (3) the frequency with which an amplicon occurred was at least 5% in order to minimize random aberrations in an individual case due to genomic instability, we found a high-level amplicon in 18q12.2 recurrent in 6.6% of cases (Table 3; Figure 2 of the supplemental data illustrates the distribution of amplicons identified by our method on chromosome 18). By visual annotation using more than 1 log 2 ratio shift as the definition of high-level amplification, 11 instances were found in 4 cases ( Table 3) .
Identification of secondary pathways
Based on a computational analysis of karyotype data, it was reported that dup(1q), del(6q), dup7 and der18 may constitute 4 distinct events arising secondary to t(14;18) in the early development of FL. 26 Using a clone-based approach (highresolution array CGH) and the application of a robust computational analysis, we attempted to determine whether similar pathway definitions could be obtained in our cohort. We first extracted the 4912 BAC clones from the 71 regions of alterations and applied the k-medoids algorithm to the 106 cases to find clusters based on Hamming distance. Figure 4 presents a heat map where green signals indicate losses and red signals indicate gains. Of the 106 cases, 12 (11.3%) were clustered with dup(1q), 9 (8.5%) with dup(6p)/del(6q), 9 (8.5%) with dup7 and 19 (17.9%) with dup18. The remaining cases clustered into a group that exhibited no obvious pattern of alterations.
Discussion
The study reported here describes tiling path array CGH data for 106 cases of FL based exclusively on diagnostic biopsies. Seventyone regions of alteration were identified to be recurrent in 10% or more cases. Of the 71 regions, 21 were shown to correlate significantly with inferior survival; however, only 16 were considered independent predictors from the IPI in a Cox multivariate ID no. 60) , provide a refinement of regions that were previously shown to be prognostic factors in overall survival. 6, 39 Our study also demonstrates that 12 of 71 regions were predictors of transformation risk in univariate analysis including: deletion of 1p36.22-p36.33 (ID no. 1), gains of nearly the entire p arm of chromosome 6 (from p21.1 to p25.3, ID no. 11-18), deletion of 6q21-q24.3 (ID no. 20), gain of 7q32.3-q33 (ID no. 38), and gain of 12q13.13-q13.2 (ID no. 51). Other groups have reported CGH gains on both 6p and 7p to correlate with transformation from FL to DLBCL; 17, 18 however, the 1p36 region has not been previously correlated with transformation.
While our investigation shows that 2 regions, deletions at 1p36.22-p36.33 and 6q21-q24.3, correlated with both inferior survival and higher transformation risk and were independent IPI prognostic predictors, many aberrant regions showed no positive correlation between these 2 clinical parameters. For instance, gains of 6p were associated with higher transformation risk but had no effect on survival rate; likewise, gains of 5p and 17q that were associated with poor survival did not correlate with higher rate of transformation. Three possible explanations could be offered for these findings: (1) transformation and overall survival were not tightly linked in all cases, (2) some cases of FL behaved very aggressively but did not show histological or clinical features used to define transformation in this study, or (3) the median follow-up was too short to appreciate an obvious relationship between transformation and overall survival in this cohort. This might explain why we did not observe a higher percentage of patients (42%) who had died during the observation period.
The most frequently altered region identified in this study was deletion of chromosome band 1p36.22-p36.33 (ϳ11 Mb in size) that occurred in 25.5% of cases. From the perspective of karyotype analysis, the faint subbands in 1p34 through 1p36 render cytogenetic analysis of 1p36 difficult and even relatively large deletions of this region may be overlooked, resulting in underreporting of deletions that could negatively affect previous correlations with prognosis. Of interest, a recent study by Ross et al found that 50% of 58 low-grade FL showed copy-neutral loss of heterozygosity (LOH; also called acquired uniparental disomy [aUPD]) at 1p36, demonstrating that other mechanisms of gene inactivation may be involved at this and other sites. 22 Both deletions and copy-neutral LOH at the terminal portion of 1p have been implicated in other cancer types, including neuroblastoma, melanoma, germ cell tumors, lung cancer, and epithelial ovarian cancers, suggesting the presence of a tumor suppressor in the region. 40 A number of candidate genes reside in this region, including the cell cycle protein CDC2L1, the tumor necrosis factor (TNF)-related receptor proteins such as TNFRSF9/14/18/25, the zinc finger transcription factor PRDM16, and the apoptotic factor DFFB. In related studies based on karyotype data we have observed that deletion of 1p36 occurs more frequently in transformed FL than in diagnostic cases (40% vs 24%, 1-tailed P ϭ .028) and that deletion of this region is seen in 50% of high-grade transformations with associated MYC translocations (manuscript in preparation). This latter association may in part explain the strong correlation of 1p36 with inferior survival and transformation observed in this study, as our cases may be enriched for patients that had experienced these events. It suggests that deletion of 1p36 may predispose patients to subsequent transformations with high proliferation rate, as described by Davies et al and Lossos et al, rather than lower proliferative transformations. 41, 42 Deletion of 6q is detected frequently in acute lymphoblastic leukemia, chronic lymphocytic leukemia, multiple myeloma, DL-BCL, and FL. 32, 43 Different studies have shown various regions to be involved; however, only 1 of these has focused specifically on FL in which a 2.3-Mb region of deletion was identified at 6q16.3 in approximately 15% FL cases. 32 Our data show that nearly the entire 6q arm was involved in the majority of cases, though at the 15% cutoff level, only 4 very small regions of loss were defined. None of these regions overlap with that of the Henderson et al study. 32 The approximately 500-kb deletion in 6q15 contains the CASP8-associated protein 2 involved in Fas-mediated apoptosis. Of particular interest is deletion of the 6q23.3 band that has been reported in 30% to 38% of ocular MALT lymphomas and FL. 22, 43, 44 Our array CGH data indicate that the approximately 150-kb deletion at 6q23.3 affecting more than 15% of FL cases coincided with the TNFAIP3 (TNF-␣ induced protein 3) gene. Deletion of this region was validated by FISH, suggesting that TNFAIP3 may be critical in FL development and/or progression. Furthermore, TNFAIP3 was implicated in a recent study based on correlation between genomic loss and gene expression, while it was unclear in another study whether TNFAIP3 or PERP (TP53 apoptosis effector) was implicated since sequencing analysis failed to uncover any mutations. 22 Deletion of TNFAIP3 can constitutively activate the NF-kB-signaling pathway as it is a zinc finger protein inhibitor of NF-kB. 45 However, since deregulation of NF-kB appears to be uncommon in FL, 46 other functions of TNFAIP3 may be responsible, or PERP may be involved since it lies only approximately 200 kb from TNFAIP3. Current evidence indicates that PERP induces TP53-mediated apoptosis, and its deletion could lead to the promotion of tumor growth. 47 Although our cohort was partly enriched for diagnostic cases where a specimen was also available from a later transformation event, this selection did not significantly alter the expected median overall survival time (8-10 years vs our observed 10.83 years after diagnosis) and the expected median time to transformation (7 years vs our reported 6.61 years) for this disease. Based on the 3% annual transformation rate observed in FL, 2 we would expect 22% of cases to have transformed, whereas 50% of the study patients had transformed to DLBCL. This enrichment allowed us to detect genetic changes that are associated with transformation that would have been missed if too few patients in our study did not have that event. Given the high correlation between transformation and death, confirmation of the full clinical impact of cytogenetic alterations detected in this study should be validated on an unselected series of FL patients.
To exclude the possibility of random aberrant events, we also validated the copy number profile generated from the 106 FL diagnostic cases against an independent cohort of 37 FL (with similar age, grade, and stage characteristics), 30 48 and may be evident in the global profile as discrete regions showing both duplication and deletion. Some CNVs may not exhibit this pattern and have been shown to be as large as a few megabases in size. 49 Since many CNV breakpoints cannot be precisely defined, and most importantly, that 58% of CNVs overlap with known RefSeq genes, 49 we have elected not to filter these CNVs using any stringent criteria. A full understanding of the significance of the CNVs will require additional information on population-based frequencies, observed frequencies in specific types of lymphoma and the possible functional consequences exerted through associated genes, SNPs, or other mechanisms.
Using only the percentage of alterations as a predictive measure of clinical outcome, we found that significant correlation with overall survival and transformation risk was present only if a criterion of 5% or more alterations (rather than 10%) was applied to dichotomize the cases. An explanation for this observation may be that as the criterion of percentage becomes too extreme (as in the example of 10% or more alterations), fewer and fewer cases will constitute one of the groups, thereby significantly affecting statistical comparisons. Nevertheless, our findings were in general agreement with the commonly held notion that with increasing number of aberrations in the genome, prognosis is negatively affected. 19 This study has also shed further light on other recurrently altered genomic regions in FL. Potential genes that have been implicated in lymphomas are presented in column Q of Table 2 . For instance, the cytochrome gene CYP51 on 7q has been found overexpressed in lymphomas. 16 In 8q, 4 candidate genes have been suggested: a potassium channel protein KCNK9, NF-KB-activating protein NIBP, the protein tyrosine kinase PTK2/FAK, and the protein tyrosine phosphatise PTP4A3. 22 The PTEN phosphatase tumor suppressor at 10q23.1-q25.1 has been of constant interest. 50 MDM2 at 12q13.2-q21.1 has been reported to have altered expression that may negatively affect the stability of p53. 51 Correlation between gene expression and genomic changes provided evidence that the interleukin-3 zinc finger transcription factor ZNF161 at 17q23.2 may be involved. 39 BCL2 may be overexpressed as a result of extra copies of chromosome 18, especially in DLBCL 52 ; however, the bands 18q11-18q21.33 proximal to the BCL2 locus are also consistently overrepresented in FL, implicating a gene proximal to the t(14;18) breakpoint in this amplification. 22, 24 Our search for high-level amplicons that occurred in at least 5% of cases led to the localization of a region in 18q22, which contains the BRUNOL4 gene. This gene belongs to a family of RNA-binding proteins involved in multiple aspects of RNA processing. 53 Its function in hematopoietic cells, however, has not been studied. Eleven other amplicons were found that occurred in less than 5% of cases. Viardot et al showed that among 8 amplicons found in their 124 patients, their regions in 1q23-q25 and 12q13 overlapped with ours, 19 as did the bands 8q24 and 12q13-q14 in the Bentz et al study. 15 In an attempt to dissect the sequence of cytogenetic events occurring in the clonal evolution of FL, Hoglund et al conducted one of the first studies using published karyotype data to reconstruct the common pathways of clonal evolution secondary to the t(14;18). 26 Using principal component analysis to reduce data complexity for multivariate correlations, 4 major events consisting of dup(1q), dup7 del(6q), and der18 were identified to arise independently after the t(14;18). We attempted to use a clone-based approach to cluster both the 106 diagnostic patients and 4912 BAC clones extracted from the 71 regions of alteration. Using different methods and a mostly nonoverlapping FL cohort, we have replicated the findings of the previous karyotype-based study. These data, in conjunction with previous findings, suggest that the early events of clonal progression in FL may evolve along a number of distinct pathways. These events may represent alternative critical steps following the primary event of BCL2 deregulation that are essential to the promotion of early clonal expansion, leading eventually to clinical manifestation of disease and transformation to more aggressive histologies. It is interesting to note that altogether 46.2% of our cases were represented in one of the 4 clustered groups, dup(1q), dup(6p)/del(6q), dup7, and dup(18q), while the rest showed alterations that could not be explained by this approach. These may be cases where other types of biological mechanisms, such as copy-neutral LOH and/or methylation of genes of critical importance may be operative.
In conclusion, our data have confirmed and refined regions of aberrations found in previous findings and provided further insight into the distinct molecular pathways related to FL development using the clone-based cluster analysis. Most importantly, our study has identified deletion of 1p36 and 6q23 as significant prognostic indicators of clinical outcome. These correlations have been strengthened by the ability of high resolution analysis to detect submicroscopic deletions not previously detectable using other methods. The clinical relevance of these genetic alterations and their impact on disease progression will require additional studies of large patient cohorts, ideally managed with uniform therapy and lacking a selection bias. 
